Introduction {#s1}
============

Boron neutron capture reaction (^10^B (n, α)^7^Li) is, in principle, very effective in destroying tumors, provided that a sufficient amount of ^10^B can be accumulated in the target tumor and a sufficient number of very-low-energy thermal neutrons can be delivered \[[@R01], [@R02]\]. The two particles generated in this reaction have a high linear energy transfer (LET) and have a range of roughly the diameter of one or two tumor cells \[[@R01], [@R02]\]. It is theoretically possible to kill tumor cells without affecting adjacent normal cells if ^10^B atoms can be selectively accumulated in the interstitial space of tumor tissue and/or intracellular space of tumor cells \[[@R01], [@R02]\]. Thus, successful boron neutron capture therapy (BNCT) requires the selective delivery of large amounts of ^10^B to tumor cells.

Two most common ^10^B-carriers used in clinical BNCT, designed for the treatment of malignant gliomas, melanomas, inoperable head and neck tumors and oral cancer, are sodium mercaptoundecahydro-dodecaborate-^10^B (sodium borocaptate-^10^B, BSH, Na~2~^10^B ~12~H~11~SH) and boronophenylalanine-^10^B (BPA, C~9~H~12~^10^B NO~4~) \[[@R03]\]. The delivery of ^10^B from BSH relies on passive diffusion from the blood to the brain tumor through a disrupted blood-brain barrier \[[@R04]\]. Thus, the use of BSH results in a high concentration of ^10^B in the blood and subsequent vascular damage during BNCT. BPA is designed to be mostly taken up by active transport across the cancer cell membrane \[[@R05]\]. Based on BPA import and efflux measurements in the presence of system L-specific substrates, Wongthai and colleagues reported that L-amino acid transporter-1 (LAT1) appears to be a key BPA transporter \[[@R06]\]. The transport mechanism is operative even in normal cells, leading to the accumulation of BPA in the normal brain. However, BPA uptake rate is lower in normal cells than in tumor cells due to their lower LAT1 expression than tumor cells \[[@R04]\].

On the other hand, rapamycin is a macrolide originally found as an antifungal agent and is now recognized as an agent with anticancer and immunosuppressive properties. Rapamycin is a specific mammalian target of rapamycin complex 1 (mTORC1), angiogenesis inhibitor and an autophagy inducer \[[@R07]-[@R9]\]. The mTORC1 is a downstream effector of the PI3K/Akt pathway \[[@R07]-[@R9]\]. Mammalian target of rapamycin (mTOR) controls translation of specific mRNA transcripts that encode cell cycle progression and cell proliferation proteins \[[@R07]-[@R10]\]. Therefore, mTOR is an important target of a new line of anticancer drugs. Based on this function of mTOR, mTOR inhibitors are thought to reduce cell proliferation. In fact, mTOR inhibitor is a type of anticancer drug used in combination chemotherapy, for example, chemotherapy for prostate cancer. Also in BNCT, it has been thought that the distribution of ^10^B from ^10^B-carrier to the lesion tumor may be decreased when combined with an mTOR inhibitor. Thus, the effect of mTOR inhibitor on ^10^B delivery to tumor cells in BNCT should be more clearly evaluated.

Materials and Methods {#s2}
=====================

No ethics approval needed for this study; and this study was conducted in compliance with the ethical standards of the responsible institution on human subjects as well as with the Helsinki Declaration.

Cell culture {#s2a}
------------

The human head and neck squamous cell carcinoma cell line SAS (provided by JCRB, Tokyo) was cultured at 37 °C in RPMI containing 12.5% fetal bovine serum in a conventional humified 5% CO~2~ incubator.

Rapamycin treatment, ^10^B compound and measuring ^10^B concentration {#s2b}
---------------------------------------------------------------------

Cultured SAS cells were preincubated with rapamycin at a dose of 1 µM for 48 h in RPMI (containing 12.5% fetal bovine serum) medium, followed by adding BPA at a ^10^B concentration of 10 ppm. Then, SAS cells were continuously incubated for 2 h in the presence of both rapamycin and BPA.

^10^B-enriched (\> 98%) BPA was purchased from Katchem spol. s.r.o. (Czech Republic). BPA was converted to a fructose complex to increase its solubility as previously reported \[[@R11]\]. The concentration of the aqueous suspension of BPA was 250 mg/mL. The ^10^B concentrations in the suspensions of a ^10^B-carrier were measured by prompt γ-ray spectrometry using a thermal neutron guide tube installed at the Kyoto University Reactor (KUR).

Irradiation {#s2c}
-----------

As mentioned above, before neutron beam exposure, cultured cells had been incubated in flasks with a culture area of 75 cm^2^ and treated with BPA at a ^10^B concentration of 10 ppm in a cell culture medium for 2 h. Subsequently, the cells were exposed to reactor neutron beams in the presence of BPA in the cell culture medium at an operation power of 1 MW. As control conditions, the cultured cells incubated with rapamycin only or BPA only, or without rapamycin or BPA were exposed to neutron beams. Other cell cultures untreated with BPA were irradiated with γ-rays using a cobalt-60 γ-ray irradiator (made by TOKYO SHIBAURA ELECTRIC CO., LTD. in Japan) at a dose rate of approximately 2.0 Gy/min after incubation with or without rapamycin. Cadmium ratio of employed reactor neutron beams was 9.4.

Neutron fluence was measured by the radioactivation of gold foils on the front and back of the flasks, as described in previous studies. Contaminating γ-ray, including secondary γ-ray, doses were measured with a thermoluminescence dosimeter (TLD) powder. The TLD used was beryllium oxide (BeO) enclosed in a quartz glass capsule. BeO itself has a fairly strong sensitivity to thermal neutrons. The TLD is usually used together with gold activation foil for neutron-sensitivity correction.

To estimate neutron energy spectra, eight types of activation foil and 14 kinds of nuclear reaction were used. The absorbed dose was calculated using the flux-to-dose conversion factor. The average neutron flux and Kerma rates of the beams used were 1.0 × 10^9^ n/cm^2^/s and 48.0 cGy/h for the thermal neutron range (less than 0.6 eV), 1.6 × 10^8^ n/cm^2^/s and 4.6 cGy/h for the epithermal neutron range (0.6 through 10 keV), and 9.4 × 10^6^ n/cm^2^/s and 32.0 cGy/h for the fast neutron range (more than 10 keV), respectively. The Kerma rate for the boron dose per Φ n/cm^2^/s of the thermal neutron flux for 1 µg/g of ^10^B was 2.67 × 10^-8^ Φ cGy/h. The dose rate of γ-rays, including contaminating γ-rays in reactor neutron beams and γ-rays resulting from capture of thermal neutrons by hydrogen atoms (^1^H(n, γ)^2^H) was 66.0 cGy/h.

Colony formation assay {#s2d}
----------------------

Following irradiation, colony formation was performed. SAS cells were plated onto 60 or 100 mm dishes at a cell density yielding approximately 100 - 1,000 or 3,000 - 50,000 cells per dish, respectively. SAS cells were cultured for 10 days, fixed in ethanol, and stained with 1% crystal violet. The surviving cell fraction was determined as percentage of number of colonies in the treated culture compared to the non-irradiated control culture.

Micronucleus (MN) assay {#s2e}
-----------------------

The SAS cells that were not used for colony formation assay were further incubated for 1 day in tissue culture dishes with 1.0 µg/mL of cytochalasin-B to inhibit cytokinesis while allowing nuclear division, and cultures were then trypsinized and cell suspensions were fixed. The MN frequency was defined as the ratio of the number of micronuclei in the binuclear cells to the total number of binuclear cells observed. The ratios were counted for all treatment conditions.

Data analysis and statistics {#s2f}
----------------------------

The γ-ray irradiation experiment was repeated fourth and neutron beam experiment was performed once. Other experiments without irradiation were carried out in triplicates. To examine the differences between pairs of values, the Student's *t*-test and χ^2^-test were used when variances of the two groups could be assumed to be equal; otherwise, the Welch t-test was used. P values were from two-sided tests.

Results {#s3}
=======

Cell survival curves of SAS cells under γ-ray irradiation combined with or without rapamycin are shown in [Figure 1](#F1){ref-type="fig"}. SAS cells treated with mTOR inhibitor rapamycin (1 µM or 2 µM) showed resistance to γ-rays compared with untreated control ([Fig. 1](#F1){ref-type="fig"}). The radio-resistance induced by rapamycin against γ-rays was about two-fold higher than that of control at surviving fraction of 0.3. Regarding the concentration of rapamycin coexisting in the culture medium, the degree of reduction in sensitivity to γ-rays was almost the same at 1 µM and 2 µM. Thus, it was considered that the effect of rapamycin under γ-ray irradiation was saturated at 1 µM. Therefore, at the subsequent irradiation experiments other than this experiment in which changes in sensitivity to γ-ray irradiation were detected using colony forming assay, as the conditions under which rapamycin coexisted in the culture medium, the only conditions under which 1 µM rapamycin coexisted in the culture medium was selected.

![Cell survival curves of SAS tumor cells under γ-ray irradiation combined with or without rapamycin. Error bars indicate standard deviations (SDs) calculated from three independent experiments. Both 1 and 2 µM rapamycin induced significant radio-resistance to γ-rays in SAS cells. The differences between control and RAP (1 µM) were significant (P \< 0.05). The same tendency was observed with control and RAP (1 µM). RAP: rapamycin.](wjon-11-158-g001){#F1}

Dose-response curves of MN frequencies under γ-ray irradiation are shown in [Figure 2](#F2){ref-type="fig"}. Clear difference in MN frequency was detected between with and without rapamycin. With rapamycin, MN frequency was reduced through combining with rapamycin treatment.

![Dose-response curves of micronucleus frequencies under γ-ray irradiation are shown. Clear difference in micronucleus frequency under γ-ray irradiation was detected between with and without rapamycin. With rapamycin, micronucleus frequency was reduced through combining with rapamycin treatment. The differences between the two values were significant (P \< 0.05). RAP: rapamycin.](wjon-11-158-g002){#F2}

[Figure 3](#F3){ref-type="fig"} shows ^10^B concentration in SAS cell suspensions. ^10^B concentration in SAS cells was determined with prompt γ-ray analysis. ^10^B concentration from BPA into SAS cells was reduced more remarkably through combining with rapamycin treatment at higher concentration.

![Changes in the ^10^B concentrations of single cell suspensions at the density of 200,000 SAS cells per 1.0 mL of ^10^B free cell culture medium after treatment with rapamycin (1 µM or 2 µM) for 24 h. The concentration of ^10^B from boronophenylalanine-^10^B into SAS cells was reduced through combining with rapamycin.](wjon-11-158-g003){#F3}

The cell survival curves for reactor neutron beams without or with BPA are shown in [Figure 4a](#F4){ref-type="fig"}. Reactor neutron beams include both neutrons and γ-rays. Thus, the cell survival following reactor neutron beam irradiation was normalized with the cell survival after γ-ray irradiation only by dividing the data for neutron beams by the data for γ-ray irradiation only in order to obtain the data on cell survival for irradiation with neutrons only, that is named as "neutron beams-γ-rays" ([Fig. 4b](#F4){ref-type="fig"}). Under neutron beam irradiation without BPA, the surviving fraction was not significantly different between with and without rapamycin (1 µM). However, with BPA, the surviving fraction was significantly higher in combination with rapamycin treatment than without rapamycin. But, under neutrons only irradiation ("neutron beams-γ-rays"), with or without BPA, no clear differences in cell survival were detected between with and without rapamycin.

![Cell survival curves for neutron beams without and with BPA are shown in (a) and (b), respectively. Error bars indicate standard deviations (SDs) calculated from three independent experiments. The quantification of cell survival following reactor neutron beam irradiation was normalized with the cell survival for γ-ray irradiation alone by dividing the data for neutron beams by the data for γ-ray irradiation alone in order to obtain the data on cell survival for irradiation with "neutron beams-γ-rays" (b). Under irradiation with γ-ray including neutron beams without BPA, the cell survival did not show significant difference between with and without rapamycin. With BPA, significantly higher survival fraction was observed with rapamycin treatment compared to untreated control (P \< 0.05). However, under "neutron beams-γ-rays", with or without BPA, no clear differences in cell survival were detected between treatments with and without rapamycin. BPA: boronophenylalanine-^10^B; RAP: rapamycin.](wjon-11-158-g004){#F4}

We further investigated MN frequency after irradiation with γ-ray including neutron beams with or without BPA ([Fig. 5](#F5){ref-type="fig"}). MN formation is a hall mark of genotoxicity, and the MN assay is an important method for genotoxicity screening. As shown here, under the neutron beam irradiation without BPA, clear difference in MN frequency was not detected between with and without rapamycin. With BPA, MN frequency was remarkably reduced through combining with rapamycin treatment.

![Dose-response curves of after irradiation with γ-ray including neutron beams without and with BPA are shown in (a) and (b), respectively. Clear difference in micronucleus frequency under neutron beam irradiation without BPA was not detected between with and without rapamycin. With BPA, micronucleus frequency was reduced through combining with rapamycin treatment (P \< 0.05). This suggested that the delivery of ^10^B from BPA into cultured SAS cells was reduced through the treatment with rapamycin. BPA: boronophenylalanine-^10^B; RAP: rapamycin.](wjon-11-158-g005){#F5}

To analyze the effect of rapamycin on the surviving fractions in SAS cells, the dose-modifying factors in SAS cells for rapamycin treatment relative to without rapamycin under "γ-ray including neutron beams" and γ-rays were calculated, at the surviving fractions of 0.3 and 0.03 ([Table 1](#T1){ref-type="table"}). Further, at the endpoint of MN frequency of 0.6, the dose-modifying factors for rapamycin treatment relative to without rapamycin in SAS cells was also calculated ([Table 1](#T1){ref-type="table"}). Under γ-ray including neutron beam irradiation without BPA, rapamycin treatment did not show any significant difference in sensitivity. Actually, when combined with rapamycin, SAS cells became slightly radiosensitive in terms of the cell survival analysis. However, in contrast, they showed slight radio-resistance in terms of the MN frequency analysis. This may be partly because the release of mTOR inhibition may have caused a rebound phenomenon in intracellular processes such as autophagy control. With regard to irradiation with BPA, the values of the dose-modifying factor for "with BPA" were larger than those for "without BPA". This suggested that the delivery of ^10^B from BPA into cultured SAS cells was reduced through the treatment with rapamycin. Concerning γ-ray irradiation, 2 and 1.8 were significantly larger than 1 and therefore the sensitivity to γ-ray was significantly reduced in combination with rapamycin. This was thought to be due to the fact that rapamycin had an effect of suppressing cell growth and proliferation, leading to reducing sensitivity of SAS cells to γ-rays \[[@R12]\].

###### Dose-Modifying Factors^a^ for SAS Cells Combined With Rapamycin Compared Without Rapamycin Under the Irradiation With γ-Rays Only or γ-Ray Including Neutron Beams

                                 γ-rays   Neutron irradiation   
  ------------------------------ -------- --------------------- -----
  Surviving fraction = 0.3       2.0      0.9                   1.2
  Surviving fraction = 0.03      \-       0.9                   1.2
  Micronucleus frequency = 0.6   1.8      1.2                   1.4

^a^The ratio of irradiation dose necessary to obtain each endpoint with rapamycin to without rapamycin under the irradiation with γ-rays only or γ-ray including neutron beams. BPA: boronophenylalanine-^10^B.

To evaluate the relative biological effectiveness (RBE) for "neutron beams - γ-rays" compared with γ-rays, the data for "neutron beams - γ-rays" at the endpoint of surviving fraction of 0.3 are shown in [Table 2](#T2){ref-type="table"}. Overall, all values of the RBE were significantly larger than 1.0 (P \< 0.05), meaning cultured SAS cells were much more sensitive to neutron beam irradiation than γ-ray irradiation with or without BPA or rapamycin. This is probably because the employed neutron beam consists of a high proportion of high linear energy transfer (LET) radiation. Moreover, with or without rapamycin, the values for "with BPA" were significantly higher than those "without BPA" (P \< 0.05). This indicates that the contribution of boron dose purely derived from neutron capture reaction between ^10^B and thermal neutrons is significantly larger than any dose other than the boron dose among the doses that have to be considered when reactor neutron beams were irradiated. However, at "neutron beams-γ-rays" in the use of BPA, the value for "incubation with rapamycin" was lower than those without rapamycin, although not significantly. This is again thought to be due to the reduction of the delivery of ^10^B from BPA into cultured SAS cells through combining with rapamycin.

###### Relative Biological Effectiveness^a^ Under the Irradiation With "Neutron Beams-γ-Rays" Compared With γ-Rays Only at the Surviving Fraction of 0.3

                                   Without BPA   With BPA
  -------------------------------- ------------- ----------
  Surviving fraction = 0.3                       
    Incubation with rapamycin      5.5           15.3
    Incubation without rapamycin   4.6           16.5

^a^The ratio of irradiation dose necessary to obtain each endpoint with γ-rays to irradiation dose with γ-ray excluding neutron beams. BPA: boronophenylalanine-^10^B.

Discussion {#s4}
==========

The mTOR signaling pathway has been implicated in multiple mechanisms of resistance to anticancer drugs and poor treatment outcomes in various human cancers \[[@R13]-[@R16]\]. However, significance of mTOR in BNCT and its effect on outcome of BNCT remains unknown. Therefore, the current study was undertaken to examine the effects of mTOR inhibition on BNCT using BPA in cultured SAS cells. Actually, clinical BNCT has been carried out for patients with malignant gliomas, melanomas, inoperable head and neck tumors and oral cancer \[[@R01], [@R17], [@R18]\]. The use of mTOR inhibitors has been approved for the treatment of advanced renal cell carcinoma, subependymal giant cell astrocytoma associated with tuberous sclerosis, pancreatic neuroendocrine tumors, and in combination with exemestane in advanced hormone receptor-positive breast cancer \[[@R13]-[@R16]\]. Several preclinical studies have also suggested mTOR inhibitors can enhance the efficacy of different chemotherapeutic agents in various cancers \[[@R15], [@R19]\]. However, little is still known about the significance of employing an mTOR inhibitor as a combined agent with BNCT.

Here, we found that mTOR inhibitor rapamycin reduced the effect of BPA-BNCT. Our hypothesis was that the addition of mTOR inhibitors prevents the proliferation of tumor cells and consequently decreases ^10^B-loading into tumor cells, resulting in reducing the antitumor effect of BPA-BNCT. The boron dose in boron neutron capture reaction accounts for most of the biological effect in BNCT. The other dose components are contributed to background doses consisted of high- and low-LET radiation components delivered to both tumor and normal tissues \[[@R20]\].

It has been demonstrated that growth-arrested cells are relatively radioresistant, compared with actively cycling cells \[[@R21]\]. Since mTOR inhibitor can suppress tumor cell proliferation, SAS cells with mTOR inhibitor (rapamycin 1 µM or 2 µM) showed resistance to γ-rays in terms of cell survival compared with no treatment with rapamycin ([Fig. 1](#F1){ref-type="fig"}). In addition, a clear difference in MN frequency under γ-ray irradiation was detected between with and without rapamycin ([Fig. 2](#F2){ref-type="fig"}). Namely, MN frequency was reduced through combining with rapamycin treatment. But, irradiation using the γ-ray including neutron beams only without BPA suppressed this decrease in sensitivity even when combined with rapamycin ([Fig. 4a](#F4){ref-type="fig"}, upper). This may be because the employed reactor neutron beams mainly consist of high-LET neutrons although including low-LET γ-rays \[[@R22]\]. However, when neutron beams were delivered after BPA was administered, the decrease in sensitivity through combination with rapamycin became clearer than irradiation without BPA ([Fig. 4b](#F4){ref-type="fig"}). This may be because the distribution of ^10^B from BPA to tumor cells was suppressed by rapamycin. In fact, the ^10^B concentration from BPA into tumor cells was reduced through combination with rapamycin ([Fig. 3](#F3){ref-type="fig"}).

In recently performed clinical BNCT for brain tumors, refractory recurrent head and neck tumors and malignant melanoma, BPA is always employed as a ^10^B-carrier combined with or without BSH \[[@R20]\]. As shown in this study, in BNCT, especially in BPA-BNCT, when mTOR inhibitor is employed as one of chemotherapeutic agents, there is a possibility that the distribution of ^10^B into tumor cells can be suppressed, resulting in reducing therapeutic effect of BNCT. In other words, the period for chemotherapy using mTOR inhibitor should not overlap with that for BNCT. However, it was previously reported that in Glioma models no evidence of increased radio-sensitivity through combination with rapamycin was observed *in vitro*. However, in another report, significantly increased radio-sensitivity was shown *in vivo* \[[@R23]\]. In addition to its direct role in repressing proliferation of tumor cells, since rapamycin is thought to be able to inhibit angiogenesis and tumor vasculature, the tumor cells might be significantly sensitized to radiotherapy *in vivo*. On the other hand, it was already clarified that ^10^B from BSH shows different bio-distribution characteristics in solid tumors from that from BPA \[[@R04], [@R05]\]. Therefore, when BSH is employed as a ^10^B-carrier in BNCT, significance and usefulness of combined treatment with mTOR inhibitor in BSH-BNCT also has to be evaluated in the future.

The present study has several limitations. First, only cultured SAS cells were used for experimentation *in vitro*. Under *in vivo* conditions, solid tumors may behave differently from *in vitro* cultured cells even after totally similar treatment. Second, it was difficult to repeat these experiments using reactor neutron beams because neutron beams for experiment are available exclusively at the reactor institute, KUR. Therefore, further studies are needed to examine the effects of mTOR inhibition when combined with BNCT in SAS cells *in vivo*. Finally, in cancer therapy including BNCT, through combined treatment with mTOR inhibitor, resistance to γ-rays and repression of distributing drugs into tumor cells have to be carefully taken into account.
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